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Abstract We retrieve the local P wave empirical Green's functions between the elements of five
different regional arrays across the globe by cross-correlating and bin stacking the teleseismic earthquake
coda waves recorded at each array. The stack is made using the coda of P and S wave phases for events in
the distance range from 40◦ to 50◦ from the center of the array. With a sequence of time windows along
the coda the various body wave arrivals can be tracked, using record sections constructed by binning
the stacked interstation correlograms in less than 1-km distance increments. The correlation of the coda
part of each principal seismic phase produces highly coherent interstation arrivals for different analysis
windows. Such arrivals can be reproduced by just stacking 100 arrivals from a pool of more than a thousand
events, showing the stability of the observed Green's functions. Modeling for the structure beneath the
Warramunga array in the Northern Territory, Australia, demonstrates that these arrivals correspond to
multiply reflected arrivals from layers at different depths. The recovery of high-frequency interstation body
waves from the teleseismic earthquake coda opens the prospect of conducting local high-resolution seismic
imaging with teleseismic energy.
1. Introduction
Despite a low signal-to-noise ratio, body waves have been successfully extracted from the autocorrelation
and cross correlation of ambient seismic noise and earthquake coda. Roux et al. (2005) demonstrated the
body wave component of Green's function from ambient noise cross correlations at the Parkfield seismic
array. For the shallowEarth, Draganov et al. (2007) retrieved bodywave reflections from an exploration scale
array with a recording duration less than 24 hr. Nakata et al. (2015) used seismic noise recorded across a
dense array in California to extract coherent diving body waves and imaged the subsurface structure with
travel time tomography. More recently, Zhou and Paulssen (2017) analyzed borehole seismic noise data and
extracted P and S waves from noise correlations. For larger scales, many other studies have retrieved and
used body waves sampling the deeper subsurface from the cross correlation of seismic noise (Boué et al.,
2013; Feng et al., 2017; Lin et al., 2013; Nishida, 2013; Poli et al., 2015).
As in the use of the ambient seismic noise wavefield, it is possible to use the correlation between different
sensors in the coda field to extract an approximate version of the empirical Green's function between two
points from multiply scattered seismic waves. Although the two applications are similar, the higher ampli-
tudes in the seismic coda allowmore facets of Green's function to emerge. However, the use of seismic coda
to extract body and surface waves within a cross-correlation framework is still limited. Campillo and Paul
(2003) were able to extract coherent information on surface waves over reasonably large distances in Mex-
ico from the seismic coda of larger events. Tonegawa et al. (2009) used Swave coda recorded across Japan to
retrieve the direct and reflected body waves at relatively low frequencies. Ruigrok et al. (2010) used distant
earthquake reverberations to conduct imaging across a 2-D array in the United States. Lin and Tsai (2013)
used antipodal station pairs to extract global body wave phases by cross-correlating noise and earthquake
coda. Boué et al. (2014) retrieved deep seismic phases by correlating continuous broadband records con-
taining seismic ambient noise and coda waves exploiting reverberation and scattering. Recently, Pham et al.
(2018) correlated the later part of the coda wavefield of large earthquakes and found a good match between
the observed correlograms and simulations including previously unobserved phases.
In addition to the coda and noise cross correlations, the autocorrelation of the seismic noise and tele-
seismic earthquake coda, and reverberations to extract reflectivity response beneath a seismic station, has
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Figure 1. (a) The configuration of the Warramunga array (WRA) in Australia, showing the interstation paths. (b) The
configuration of the Alice Springs array (ASA) in Australia, showing the interstation paths. (c) Eielson, Alaska Array
(ILAR), USA. (d) Eskdalemuir Array (ESK) in Scotland. (e) Kazak Array (KZ) in Kazakhstan. (f) The inset map shows
the distribution of arrays.
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Figure 2. (a) Coda waves following the main P and S wave arrivals from an event in South East Indian Ridge with magnitudeMw = 5.4 and a depth of 10 km
at the Warramunga array. (b) Coda waves following the main P and S wave arrivals from an event in Tonga Arc with magnitudeMw = 5.0 and a depth of 10 km
at the Alice Springs array. In both panels, the later coda becomes more chaotic as multiply scattered waves dominate especially after 130 s (blue dash line). The
traces have been band-pass filtered from 1 to 5 Hz and normalized to unity. The inset map shows the location of events with yellow and white stars (South East
Indian Ridge and Tonga Islands).
been demonstrated across Australia, Europe, Indonesia, Turkey, and the whole Earth by multiple studies of
Becker andKnapmeyer Endrun (2017), Gorbatov et al. (2012), Kennett (2015), PhamandTkalcˇic´ (2017), Poli
et al. (2017), Ruigrok and Wapenaar (2012), Saygin et al. (2017), Sun and Kennett (2016), Sun et al. (2018),
and Taylor et al. (2016). In all of these studies, the body wave reflectivity response of the Earth beneath a
seismic station is extracted and used in inferring the underlying structure.
In this study, we use multiple regional arrays around the globe with tight station spacing, mostly located in
regions with low anthropogenic noise levels. For example, the Warramunga seismic array in Australia has
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Figure 3. Selected time windows as a function of phase for the Warramunga (WRA) and Eielson (ILAR) arrays.
the ability to record both regional and teleseismic earthquakes with well-developed coda waves. Previous
work by Kennett and Furumura (2008) showed that the highly energetic codawaves from Indonesian events
observed across Australian stations arise from strong internal scattering within the thick cratonic continen-
tal Australian lithosphere, helped by high Q as well as the geometry of the subducting slab. Later work by
Kennett and Furumura (2013) and Kennett et al. (2014) described Po and So phases (oceanic Pn and Sn)
propagating over old and thick oceanic lithosphere for large distances. These phases and their coda waves
crossing old oceanic lithosphere were observedwell beyond 30◦ between 1 and 5Hz. Kennett and Furumura
(2016) studied the effect of multiscale heterogeneity on the propagation of seismic waves across Australian
continent bothwith observations and numerical simulations to confirm the role of the efficient internal scat-
tering by lithospheric heterogeneities for generating the prolonged coda waves observed at seismic stations
across Australia.
For all of the seismic arrays, we use the well-developed high-frequency coda waves from teleseismic earth-
quakes. The interaction of seismic waves with oceanic and continental structure yields a long duration of
complex seismic coda, and the local scattering helps with the extraction of interstation body and surface
waves sampling the subsurface structure beneath the array. We employ the stacked cross correlations of the
coda of P and S waves, between all of the elements of the array, for seismic events in a limited distance
range from the array to extract local interstation P wave empirical Green's functions. The incoherent scat-
tered wavefield generated from the incident waves by the inhomogeneities in the medium has sufficient
amplitude that the body wave components of the local Green's function can be raised above the intrinsic
noise level.
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Figure 4. Coda correlograms showing the evolution of the interstation P wave Green's functions for Warramunga Array for analysis windows of 30–130,
200–300, 400–500, and 600–700 s after P. Waveforms are filtered between 1 and 5 Hz and normalized to unity. The red line shows the approximate location of
the maximum amplitude of the body wave arrivals.
2. Data
We use multiple regional seismic arrays with different configurations around the globe, as shown in
Figure 1f. Each array has short period and/or broadband seismic sensors with vertical or three-component
recordings. We only use the vertical components in our analyses to retrieve the P wave component of
the interstation propagation. We briefly describe the configuration of each array: The Warramunga Array
(WRA) in the Northern Territory of Australia, near the town of Tennant Creek, has operated since 1968
and was upgraded in 1999 to meet the requirements of a primary seismic station for the Comprehensive
Nuclear-Test-Ban Treaty. WRA now comprises 24 elements, all with broadband vertical seismometers. The
array shape is given in Figure 1a. The data are digitized at each sensor at 40 Hz. The array pattern provides
a broad range of interstation separations ranging from 0.8 km to about 26 km. WRA sits more than 500 km
from the coastline in the interior of Australia so that the ambient noise level is relatively low. We use data
recorded between 2000 and 2017 across the array. During this period, some of the elements of the array were
offline for some time.
The Alice Springs Array is also located in the Northern Territory of Australia with 18 elements with short
period sensors and a single broadband sensor with a sampling rate of 20 Hz. The station spacing ranges
from 2 km to over 10 km (Figure 1b). As in WRA case, the ambient noise levels are relatively low given its
distance from the coastline, which is over 700 km. In the analyses, we use data from 2003 to 2017.
The EielsonArray (ILAR) is in Alaska, USA. The array has 21 elements with the short period and broadband
sensors (Figure 1c). ILAR-likeWRA is part of Comprehensive Nuclear-Test-Ban Treaty primary monitoring
network. We use teleseismic earthquakes recorded across the array from 2003 to 2017.
The Eskdalemuir Array (ESK) is in Scotland, United Kingdom. The array has an L-shaped orientation
with 20 elements equipped with mostly broadband sensors (Figure 1d) similar to WRA. We use event data
recorded between 2014 and 2017.
The last seismic array is from Kazakhstan. The data archive contains events from 1995 to 2017, with dif-
ferent levels of data coverage. The configuration of the array is cross shaped with 21 elements, as shown in
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Figure 5. Coda correlograms showing the evolution of the interstation P wave Green's functions for ASA for analysis windows of 30–130, 200–300, 400–500,
and 600–700 s after P. Waveforms are filtered between 1 and 5 Hz and normalized to unity. The red line shows the approximate location of the maximum
amplitude of the body wave arrivals.
Figure 1e. The sensor technology of the array was upgraded during the operation period. We use recordings
from both broadband and short period sensors.
In addition to these arrays, we have tested coda correlation for other regional arrays. We find that the local
ambient seismic noise levels play a substantial role in the recovery rate. For instance, Yellow Knife Array
in Canada shows a seasonal variation in the recovery rate and the signal-to-noise ratio (SNR) of the body
and surface waves, where the seasonal variability of the ambient seismic noise wavefield was previously
reported by Koper et al. (2009) and Xu et al. (2017).We show results for YellowKnife Array in the supporting
information.
3. The Nature of the Near-Teleseismic Coda
In this work we employ the coda of teleseismic events in the epicentral distance range 40–50◦ from the
various arrays. The early part of thewavetrain, immediately followingP, is dominated by local reverberations
and conversions that can be exploited in receiver function or autocorrelation studies. After about 120 s the
scattering in the lithosphere beneath and around the stations becomes dominant. It is this locally scattered
component of the wavefield that is exploited by our cross correlations. We illustrate the nature of the coda
at the Warramunga and Alice Springs arrays for two modest size events in the South East Indian Ridge and
Tonga Arc in Figure 2, showing the frequency band from 1 to 5 Hz. We see considerable coherence in the
nature of the wavefield across both arrays for the first minute after the P arrival. This coherency diminishes
with increasing time, and by 130 s we have reached the point where we have a well-developed scattered
field whose properties reflect the local conditions. Ahead of the S phase, the vertical component records are
dominated by P to P scattering.
The scattered field extends well beyond the onset of S. Efficient scattering from S to P is also picked up on
the vertical component seismometers. This means that there is a substantial interval of time for which it is
possible to extract information about P waves from the cross correlation of the stations in the array. In later
SAYGIN AND KENNETT 2962
Journal of Geophysical Research: Solid Earth 10.1029/2018JB016837
Figure 6. Coda correlograms showing the evolution of the interstation P wave Green's functions for Eielson Array for analysis windows of 30–130, 200–300,
400–500, and 600–700 s after P. Waveforms are filtered between 1 and 5 Hz and normalized to unity. The red line shows the approximate location of the
maximum amplitude of the body wave arrivals.
sections, we display the results from successive windows in the coda so the evolution of the signal of local
structure can be followed.
4. Method
A set of 100-s coda time windows for the intervals 30–130, 200–300, 400–500, and 600–700 s after the onset
of P from each event is used to construct the cross correlations between the elements of the array. The suite
of fixed length windows with variable time offset enables us to follow the evolution of the correlated phases
along the coda. The expected times for the P arrivals are calculated using the ak135 velocity model (Kennett
et al., 1995). The correlograms for each coda segment are then stacked to enhance the signal-to-noise ratio.
After normalizing the record sections, the cross correlograms are computed from the records of the stations
from each array for each of the selected time windows. To improve the clarity of the record section, we have
organized the cross correlograms in distance bins smaller than 1 km and stacked all the available correlo-
grams in each bin. This operation averages out any lateral heterogeneities and retrieves the response of an
average 1-D structure beneath the array. A final sum is made over causal and acausal parts of each signal.
As the last step, we apply a band-pass filter between 1 and 5 Hz to improve the signal-to-noise ratio of the
body and surface waves in each cross-correlogram display.
We define our bin stacking procedure as
Ĉbin(t, d𝑗) =
1
NiM𝑗
Ni∑
i=1
M𝑗∑
k=1
Cab(t,ni, dk), (1)
where Cab is the cross correlogram between stations a and b, t is the selected coda window used in the
cross correlations, dk the interstation distance, dj is the distance bin of interest, and Ni andMj are the total
number of station pairs used in stacking and the total number of event couples for which dj − Δd∕2 ≤ dk <
dj + Δd∕2, where Δd is the bin width.
The distribution of the events recorded at the WRA and ILAR arrays used in this study is shown in
Figure 3. All events are in the teleseismic range. The incident plane waves (P wave) for each of the events
SAYGIN AND KENNETT 2963
Journal of Geophysical Research: Solid Earth 10.1029/2018JB016837
Figure 7. Coda correlograms showing the evolution of the interstation P wave Green's functions for Eskdalemuir Array for analysis windows of 30–130,
200–300, 400–500, and 600–700 s after P. Waveforms are filtered between 1 and 5 Hz and normalized to unity. The red line shows the approximate location of
the maximum amplitude of the body wave arrivals.
across the 26-km aperture arrays can be characterized by a plane wave with a slowness around 6.2 s/deg
(apparent velocity ≈18 km/s). The data for each event were band-pass filtered from 1 to 5 Hz to emphasize
the contribution of the scattered wavefield in the cross-correlation computations.
5. Local BodyWaves
In Figure 3, the arrival time of a number of different seismic phases for each event is given along with
scaled correlation windows for the Warramunga and ILAR. In these analysis windows, we effectively
cross-correlate the P wave coda for the first two windows [30–130 and 200–300 s] and the S wave coda for
the last two windows [400–500 and 600–700 s]. However, the vertical component records are expected to be
dominated by P wave contributions rather than S. We display the results of the cross correlation and stack-
ing for the different arrays in Figures 4–8. The early part of the cross-correlation sections corresponds to the
direct and refracted part of the wavefield, which is visible as planar arrivals with varying apparent velocities
for the different arrays. In the next window [200–300 s], the amplitudes of these planar arrivals diminish.
The third panel [400–500 s] shows teleseismic planar arrivals some with the S-type arrivals. The last panel
indicates some arrivals with similar apparent velocities to the first two windows.
5.1. Warramunga
We use over 5,000 teleseismic events recorded between 2000 and 2017 with magnitudes from 5.5 to 7.0.
Each correlogram was bin stacked with a 0.5-km bin width. In the later part of each section displayed in
Figure 4, a coherent type of arrival can be observed with very clear moveout and also some later arrivals
with weaker amplitudes starting from 4 s. The first branch of these arrivals begins to develop at around
1 s and is then visible to the largest moveout bin at 26 km. The typical interval velocity of these arrivals is
calculated as≈ 6.0 km/s, which is close to the local Pwave velocities. For the correlation window 400–500 s,
despite the fact that the incoming teleseismic wavefield is planar S waves, Green's functions continue to
showPwave-type arrivals with the samemoveout. Similar observationsweremade by Tonegawa et al. (2009)
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Figure 8. Coda correlograms showing the evolution of the interstation P wave Green's functions for Kazak Array for analysis windows of 30–130, 200–300 ,
400–500, and 600–700 s after P. Waveforms are filtered between 1 and 5 Hz and normalized to unity. The red line shows the approximate location of the
maximum amplitude of the body wave arrivals.
for teleseismic S wave coda correlations, where clear interstation P waves are observed. Local scatterers in
the layered medium contribute to efficient scattering and therefore S-P phase conversion and also rapid
attenuation of S waves. The P waves are enhanced because we consider the cross correlation of vertical
component records.
5.2. ASA
Weuse over 4,300 teleseismic events recorded between 2003 and 2017 withmagnitudes from 5.5 to 7.5. Each
correlogram was stacked using a 0.25-km bin width. The stacked correlations show clear arrivals with a
velocity of around ≈ 5.0 km/s across all of the sections (Figure 5) similar to WRA.
5.3. ILAR
Weuse over 1,780 events recorded between 2003 and 2007 withmagnitudes from 5.5 to 7.0. The bin stacking
was conducted with 0.25-km bin width. The coda correlations for the ILAR array show clearly developed
body-type arrivals with a velocity of around 5.5 km/s (Figure 6). These arrivals can be tracked from the
interstation distance of 1 km to the largest bin distance of 10.25 km. As in the previous case, the first
analysis window of 30–130 is dominated by planar arrivals, whereas in the later windows local body wave
propagation becomes much more dominant.
5.4. ESK
The available data from theESK array only start from2014.We extract 599 events recorded between 2014 and
2017 with magnitudes from 5.5 to 7.0. Bin stacking was conducted with a 0.25-km bin width. The coda cor-
relation of the arrivals shows high signal-to-noise ratio surface waves with group velocities around 2.5 km/s
dominating most of the records (Figure 7). However, in addition to the surface waves and teleseismic pla-
nar arrivals, a second branch of arrivals with relatively high velocities of 4.4-5 km/s can be tracked across
the whole section indicating the presence of body-type propagation between stations. Because we do not
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Figure 9. (a) Section plot of randomly selected 500 events used in coda correlations for bin distance 5 km at
Warramunga Array. (b) 10 km. (c) 20 km. (d) The evolution of the signal-to-noise ratio of stacked waveforms for
different bins with randomly selected 100 and 1,000 events and also for all of the events. Waveforms are filtered
between 1 and 5 Hz and normalized to unity.
use active suppression of surface waves to avoid processing bias, there is potential to boost the body wave
arrivals by actively targeting the surface waves.
5.5. KZ
Weuse over 3,000 events recorded between 1995 and 2017 withmagnitudes from 5.5 to 7.5. The bin stacking
was conducted with 0.25-km bin width. The Kazak array is a cross-shaped array, as a result there are large
gaps in the regular bins at longer distances. This means it is slightly more difficult to track energy across
the seismic section than for the other arrays. However, in addition to surface waves and teleseismic body
waves, a clear package of energy can be tracked across all of the sections with a velocity of 4.4 km/s, whereas
surface waves arrive with a velocity of 2.9 km/s (Figure 8).
5.6. Stability of Observed Phases
We study the stability of the correlation procedure by using the results from the Warramunga and ASAR
arrays. The stability and the coherency of each suite of coda correlation are investigated by using a randomly
selected group of 500 events from over 5,000 available recordings. Linear stacking is then conducted for bin
distances of 5, 10, and 20 km (Figure 9) for the WRA and 3, 5, and 10 km for the Alice Spring Array. For all
of the event sections, a clear body arrival is visible with a very little moveout. The stacked waveforms have a
high signal-to-noise ratio, with identical arrival times as shown in Figures 9 and 10. This demonstrates the
potential of the technique, where even a small number of recorded events can produce coherent interstation
body wave propagation, which can be useful for local body wave imaging.
5.7. Modeling of Arrivals-WRA
In the neighborhood of the WRA there is existing structural information available from refraction studies
(Finlayson, 1981, 1982) and a recent 2-D seismic reflection line. We have built a simple 1-D model from
Figure 10. (a) Section plot of randomly selected 500 events used in coda correlations for bin distance 5 km at Alice
Springs Array. (b) 10 km. (c) 20 km. (d) The evolution of the signal-to-noise ratio of stacked waveforms for different
bins with randomly selected 100 and 1,000 events and also for all of the events. Waveforms are filtered between 1 and
5 Hz and normalized to unity.
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Figure 11. (a) Layered model used in travel time calculations. (b) Reflection section with travel times for Warramunga
Array. Color coding corresponds to the layers in the model.
this information, but this undoubtedly presents an oversimplified picture of the structure in this hard rock
domain. On the NS reflection line which lies about 25 km to the east of the array, there is considerable vari-
ability in the reflection response along the profile. All reflectors are weak and may well represent variations
in the texture of the rocks rather than significant velocity contrasts. Velocity analysis proved to be difficult
because moveout was hard to track.
With these limitations in mind, we have conducted ray-based modeling for the simplified structure using
the Fast Marching Method of Rawlinson and Sambridge (2004), with a receiver geometry identical to our
1-D binned stacked waveforms. In Figure 11a, themodel geometry is displayed along with the reflected rays.
The ray analysis shows that the first two arrivals are hard to discriminate, because of the small separation in
time between the reflections from the base of the first two layers. The reflections tend to merge to give travel
times corresponding to the main observed branch. The reflection from the last layer at a depth of 12.5 km
shows arrivals with some level of agreement with a very weak branch visible in Figure 11b at around 4 s. We
use the 30- to 130-s window of the coda for these comparisons, where P coda will carry the most energetic
part of the arrivals.
6. Discussion and Conclusions
The configuration of the long established seismic arrays and plentiful seismicity in a similar distance range
has enabled us to capture the local P component of the local empirical Green's function from the correlation
of waveforms of the P and S wave coda at relatively high frequencies, with different maximum interstation
separations ranging from 8.5 to 26.5 km.
In general, it is harder to extract body waves from correlation studies than surface waves. This is the first
time local high-frequency body waves have been extracted from the coda waves of distant earthquakes at
different arrays. Previous studies reported the observation of higher mode Rayleigh waves especially across
sedimentary basins, for example, Boué et al. (2016), Savage et al. (2013), and Saygin et al. (2016). In general
highermode Rayleighwaves arrive earlier than the fundamental modes. This has been documented in other
studies such asWang et al. (2017). For a similar aperture, large-N array,Wang et al. (2017) found the average
Rayleigh wave phase velocities at around 3.98 km/s for 1.5 s and 4.42 km/s for 2.5 s across Mount St. Helens.
We conduct a dispersion calculation for Rayleigh wave phase and group velocities of fundamental and first
higher mode using the same velocity model in Figure 5 for WRA (in supporting information). The results
show the highest phase velocity for the first highermode around 5 km/s for 0.1 Hz. However, these velocities
rapidly decline with the increasing frequencies especially at our measurement range of 1–5 Hz. We also
observe a relative increase in the body wave velocities at far offsets especially for WRA, Alice Springs Array,
and ILAR arrays (Figures 4–8), where surface wave-type arrivals normally follow a linear pattern.
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To enhance the signal from the local structure, we can combine the results from the stacked cross correla-
tions over multiple events in the different time windows to provide further signal enhancement particularly
for refracted arrivals. Extra information on the reflected field can be extracted from the autocorrelation of
the immediate coda of P (Sun & Kennett, 2016) using the same set of events.
Sens-Schönfelder et al. (2015) conducted a thorough analysis of the equipartitioning properties of the coda
waves by studying the deep Okhotsk event from 2013. They concluded that the earlier part of the coda of a
teleseismic event (<5,000 s) is suitable for local body wave retrieval with mainly isotropic propagation. In
contrary, coda waves at longer periods and at later lag times are less sensitive to the local crust and therefore
not equipartitioned.We keep our analysis windows restricted to less than 700 s after the arrival of teleseismic
P waves. The consistency of the retrieved local body waves for each time window shows the coherency of
the extraction process.
Thus, with care, it is possible to use passive recordings of distant earthquakes to generate record sections
for both the body wave and surface wave components of the wavefield across a dense network. The cross
correlograms allow the construction of reflection sections that constrain the near-surface wavespeeds quite
well. The use of seismic coda from larger teleseismic events can thus provide a means of characterizing
the seismic properties of a locality with purely passive recording, provided that broadband high-fidelity
recordings of ground motion are available. The good results obtained for stations separated by more than
5 km at different arrays indicate that the individual stations in a network do not need to be closely spaced
(<1 km) for relevant information to be extracted. All the arrays we have used are on hard rock sites, but
the approach will work equally well for networks of stations across sedimentary structures. Indeed, the
presence of sediments with stronger contrasts in physical properties will be advantageous for the extraction
of reflections.
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